Abstract It was recently asserted that the voltage-dependent anion channel (VDAC) serves as a global regulator, or governor, of mitochondrial function (Lemasters and Holmuhamedov, Biochim Biophys Acta 1762:181-190, 2006). Indeed, VDAC, positioned on the interface between mitochondria and the cytosol (Colombini, Mol Cell Biochem 256:107-115, 2004), is at the control point of mitochondria life and death. This large channel plays the role of a "switch" that defines in which direction mitochondria will go: to normal respiration or to suppression of mitochondria metabolism that leads to apoptosis and cell death. As the most abundant protein in the mitochondrial outer membrane (MOM), VDAC is known to be responsible for ATP/ADP exchange and for the fluxes of other metabolites across MOM. It controls them by switching between the open and "closed" states that are virtually impermeable to ATP and ADP. This control has dual importance: in maintaining normal mitochondria respiration and in triggering apoptosis when cytochrome c and other apoptogenic factors are released from the intermembrane space into the cytosol. Emerging evidence indicates that VDAC closure promotes apoptotic signals without direct involvement of VDAC in the permeability transition pore or hypothetical Bax-containing cytochrome c permeable pores. VDAC gating has been studied extensively for the last 30 years on reconstituted VDAC channels. In this review we focus exclusively on physiologically relevant regulators of VDAC gating such as endogenous cytosolic proteins and mitochondrial lipids. Closure of VDAC induced by such dissimilar cytosolic proteins as proapoptotic tBid and dimeric tubulin is compared to show that the involved mechanisms are rather distinct. While tBid mostly modulates VDAC voltage gating, tubulin blocks the channel with the efficiency of blockage controlled by voltage. We also discuss how characteristic mitochondrial lipids, phospatidylethanolamine and cardiolipin, could regulate VDAC gating. Overall, we demonstrate that VDAC gating is not just an observation made under artificial conditions of channel reconstitution but is a major mechanism of MOM permeability control.
Introduction
A conserved property of VDAC channels in vitro is the ability to adopt a unique fully open state and multiple "closed" states of significantly smaller conductance. Application of voltage to VDAC channels reconstituted into planar lipid membranes promotes these "closed" states-the phenomenon known as voltage-induced gating . The states differ in their ability to pass nonelectrolytes and to conduct ions (Hodge and Colombini 1997) . "Closed" states are characterized by weak cationic selectivity, as compared with weak anionic selectivity in the open state, and are virtually impermeable to negatively charged metabolites such as ATP Colombini 1996, 1997) . The gating mechanism is still under discussion, but most of the experimental and theoretical evidence supports a model proposed by Colombini and coauthors (Peng et al. 1992 ; Thomas et al. 1993; Song et al. 1998a, b) wherein the existence of a positively charged mobile domain in the wall of the channel, called voltage sensor, is postulated. According to the model, VDAC responds to the electric field applied to the membrane by moving this domain to the surface of the membrane, which results in a pore of smaller diameter and inverted selectivity (Fig. 1) .
By using the luciferin/luciferase method the fluxes of ATP through open VDAC channels were directly measured confirming that VDAC is sufficient to provide all ATP efflux from mitochondria Colombini 1996, 1997) . When channels were closed by applying high voltage, the ATP flux was shut down. This was a straightforward demonstration that VDAC closure could greatly diminish metabolite flux across the mitochondrial outer membrane. However, VDAC closed states are still rather conductive and able to transport small ions, such as K + , Na
, and Ca 2+ (Tan and Colombini 2007) . When reconstituted into planar lipid membranes, a VDAC monomer forms an aqueous pore of 2.5-3 nm in diameter (Mannella et al. 1989) , permeable for uncharged polymers with molecular weight of 3,400-6,000 kDa (Colombini 1980; Krasilnikov et al. 1992) . However, the effective size of the channel appears to be rather different for neutral and charged solute molecules and even sensitive to their structure. By using current noise analysis, it was found that VDAC channels could distinguish between such comparable molecules as ATP and UTP and that the selectivity among molecules of similar size and charge is based on their 3-dimensional structure (Rostovtseva et al. 2002a) . The evidence strongly favors the existence of a binding site (or a region of binding sites) in the channel that discriminates between purines and pyrimidines. Furthermore, it was found that VDAC can differentiate between natural metabolites and synthetic molecules (Rostovtseva et al. 2002b ). These findings suggest that the electrostatic environment within the channel has been evolutionary selected to favor the passage of adenine nucleotides. Certainly, the positively charged cytochrome c molecules of 12 kDa molecular weight and ∼3.4 nm diameter cannot permeate through the VDAC pore under normal conditions.
Implication of VDAC gating in apoptosis
As the most abundant and large channel in MOM, VDAC has been an attractive candidate for a pathway for cytochrome c release. It was suggested that pro-apoptotic Bax directly interacts with VDAC and forms a novel large cytochrome c permeable pore (Shimizu et al. 1999 (Shimizu et al. , 2000a . However, the subsequent studies did not confirm either a formation of the VDAC/Bax large pore in electrophysiological experiments (Rostovtseva et al. 2004 ) or a direct interaction of these two proteins by co-immunoiprecipitation and crosslinking (Mikhailov et al. 2001 ). In the generally accepted model of the permeability transition pore (PTP), VDAC in MOM together with ANT in the inner membrane are considered to be the major components of the PTP supramolecular complex that spans both mitochondrial membranes. By definition, PTP opening allows the solutes up to ∼1.5 kDa to permeate through mitochondrial membranes. This results in dissipation of the mitochondrial inner membrane potential and matrix swelling and leads to cytochrome c release which is followed by necrosis or apoptosis (see reviews Crompton 1999; Zoratti et al. 2005; Bernardi et al. 2006) . In this scheme, opening and closing of PTP (for instance, by Ca 2+ ) is associated with VDAC opening and closing. However, a number of experimental results contradict this model (see discussion Rostovtseva et al. 2005; Bernardi et al. 2006) . First of all, whether VDAC is a part of the PTP complex or not, solutes permeating through PTP could cross MOM through open VDAC channels. Second, it was demonstrated recently that Ca 2+ , the main stimulus of PTP opening, does not change VDAC gating properties (Tan and Colombini 2007 ). Ca 2+ is not able to open or close VDAC channels. Importantly, Ca 2+ flux is actually higher through VDAC closed states than through its open state due to the reversed cation selectivity of the closed states (Tan and Colombini 2007) . Finally, recent experiments with genetical knock-out or knock-down of three VDAC isoforms provided strong evidence that VDAC is not an essential part of PTP (Baines et al. 2007 (Priault et al. 1999; Pavlov et al. 2001; Polcic and Forte 2003) and with mitochondria from VDAC −/− mice . These data undermine the initial belief that PTP or Bax-mediated apoptosis would depend on physical interaction of Bax with VDAC (Galluzzi and Kroemer 2007) . Does it mean that VDAC is "dispensable" for the mitochondria-dependent cell death as was declared recently by Baines and coworkers (Baines et al. 2007 )? We believe that there is a third mechanism, in which VDAC closure leads to the initiation or promotion of apoptosis and cell death (Vander Heiden et al. 2000 Lemasters and Holmuhamedov 2006; Tan et al. 2007a) . It was shown that the removal of growth-factor leads to a deficiency in the exchange of adenine nucleotides due to the VDAC closure (Vander Heiden et al. 2000 . This loss of MOM permeability for metabolites, such as phosphocreatine and adenine nucleotides, could be restored by the antiapoptotic Bcl-x L protein. In turn, the pro-apoptotic BH3 domain only protein, tBid, induces irreversible VDAC closure (Rostovtseva et al. 2004) . In support of the VDAC closure mechanism, ethanol treatment of permeabilized hepatocytes inhibits mitochondrial respiration and decreases permeability of MOM to ATP and respiratory substrates (Lemasters and Holmuhamedov 2006) . Another evidence that VDAC closure favors cytochrome c release was reported recently (Lai et al. 2006; Tan et al. 2007a ). It was found that phosphorothioate oligonucleotide, G3139, induces cytochrome c release and apoptosis in melanoma and other cancer cells in a Bcl-2-independent pathway and that G3139 directly binds to MOM and reduces its permeability to ADP by closing VDAC. The addition of G3139 to a reconstituted VDAC channel resulted in channel closure (Lai et al. 2006; Tan et al. 2007b ).
Cytosolic and membrane regulators of VDAC
The facts surveyed above strongly suggest that ATP/ADP exchange between mitochondria and the cytosol through the open VDAC channels is a requirement for the efficient mitochondrial energy transfer in healthy cells. On the contrary, excessive VDAC closure promotes apoptotic signals without direct involvement of VDAC in PTP or Bax-containing cytochrome c permeable pores. That is why we believe that gating of VDAC, which has been extensively studied on reconstituted channels, is not just an observation made under artificial conditions but a major mechanism of MOM permeability regulation. However, what are the exact ways of VDAC regulation in the cell? To address this question one first needs to know which cytosolic and mitochondrial agents participate in VDAC regulation in normal conditions and in apoptosis, and what mechanisms of their interactions are involved.
VDAC regulation by Bcl-2 family proteins
It has been shown that anti-apoptotic Bcl-x L favors the open state of VDAC reconstituted into a planar membrane and also restores the ATP/ADP exchange between mitochondria and the cytosol after it was disrupted by growth factor withdrawal (Vander Heiden et al. 2000 . In accordance with this scheme, pro-apoptotic protein, tBid, affects the voltage-gating properties of VDAC by inducing channel closure (Rostovtseva et al. 2004) . It was shown that tBid leads to irreversible closure of VDAC channels in a dosedependent manner, both on single ( Fig. 2) and multichannel membranes. The mechanism by which Bcl-x L and tBid alter the gating properties of VDAC remains to be understood. Noteworthy, any direct interaction of VDAC with both of these Bcl-2 family proteins (as well as with Bax) has never been demonstrated by either co-immunoprecipitation or cross-linking. It was suggested that tBid and Bcl-x L could alter VDAC gating indirectly through the lipid environment surrounding the proteins Rostovtseva et al. 2004) . Both proteins interact with the target membrane: they form unspecific ion-conducting channels in the planar lipid membrane (Minn et al. 1997; Rostovtseva et al. 2004 ), tBid promotes negative membrane curvature and, as a result, destabilizes bilayer membranes (Epand et al. 2002) . It was proposed (Basanez et al. 2002) that tBid could act in concert with Bax to form lipidic poretype non-bilayer structures in the membrane. It was also shown that cardiolipin, a lipid characteristic of mitochondrial membranes, increases binding of tBid to pure lipid vesicles as well as to MOM (Lutter et al. 2000) and promotes formation of large pores by tBid and monomeric Bax (Kuwana et al. 2002) . Considering tBid ability to modify lipid bilayer elastic properties, we proposed a model where tBid inserts into the membrane, alters the local lipid environment in close proximity to VDAC, and thus induces VDAC closure indirectly (Rostovtseva et al. 2004) . Indirect proteinprotein interactions involving membrane lipids have been proposed for a model system of gramicidin channels (Goforth et al. 2003 ) and stretch-activated cation channels (Suchyna et al. 2004) . Whether tBid alters VDAC gating properties by direct or indirect interactions, these most likely occur within the lipid membrane, so that its lipid composition itself may modify them. Following this logic one could hypothesize that membrane lipid composition would affect VDAC gating.
VDAC regulation by mitochondrial lipids
In order to test this hypothesis, the effect of three key mitochondrial lipids: phosphatidylcholine (PC), lamellar lipid with small spontaneous curvature, and two nonlamellar lipids with high negative spontaneous curvature, phosphatidylethanolamine (PE) and cardiolipin (CL) was investigated (Rostovtseva et al. 2006) . The rationale for this study was that when a non-lamellar lipid, such as PE, which spontaneously forms inverted hexagonal phase, is forced into the planar bilayer structure, this results in a significant stress of lipid packing in the region of the acyl chains (Gruner 1985; Keller et al. 1993; Bezrukov et al. 1998; Cantor 1999; Bezrukov 2000; Brink-van der Laan et al. 2004) . Estimates show that the difference in the corresponding lateral pressure between PE and PC membranes can reach hundred atmospheres (Bezrukov 2000; Gullingsrud and Schulten 2004) . We found that two nonlamellar lipids with the higher lipid packing stress, PE and CL, facilitate VDAC closure at the cis-negative applied potentials (Rostovtseva et al. 2006) . This was seen in multichannel membranes as an extra (in comparison with lamellar PC) reduction in conductance at negative potentials (Fig. 3a) . Thus, the presence of non-lamellar lipids changes VDAC conformational equilibrium to promote smaller conductance closed states, suggesting a coupling between the mechanical pressure in the hydrocarbon lipid region and VDAC channel gating. However, it turned out that this coupling takes place not through a change in the gating charge but mostly through a shift in the equilibrium between open and closed states.
These experiments showed that the asymmetry of VDAC gating, an intrinsic property of the channel, can be either catalyzed or suppressed by the membrane lipid composition. According to the working model, transitions between the open and closed states of VDAC are associated with relatively large conformational rearrangements of the protein Song et al. 1998a, b) . These rearrangements account for a 50% reduction in the pore diameter and decrease the pore volume by 20-40 nm Fig. 3 VDAC gating asymmetry enhanced by non-lamellar mitochondrial lipids, PE and CL. a In the multichannel membranes formed from PE and PC + CL the closed state conductance is two times lower at negative potentials than at positive ones as follows from the conductance versus voltage plots normalized to the maximum conductance, G max (from Rostovtseva et al. 2006) . Analysis of the plot also shows that for negative potentials the midpoint voltage, that is, the voltage at which half channels are open and half closed, is 10 mV less negative for PE as compared with PC. b A cartoon explaining gating asymmetry under lipid packing stress in PE bilayer. The model of VDAC gating was adopted from (Song et al. 1998a ).
There are one open and two sets of closed states of VDAC channel depending on the sign of the applied voltage. We hypothesize that the protein's outer surface has a concave shape when channel adopts the closed state conformations at negative potentials. c Because of the concave shape, the lateral pressure in the hydrocarbon tail area of a planar bilayer shifts conformational equilibrium of VDAC channel in favor of the closed states of this shape. The probability to find these states in non-lamellar PE is much higher than in lamellar PC. Indeed, transition to the concave shape relieves the elastic stress of lipid packing, making the closed conformation energetically more favorable in membranes formed from non-lamellar lipid. A simple estimate illustrated here predicts a significant free energy change (see the text) applied voltage polarity, VDAC gates by two distinctly different processes Song et al. 1998a ) wherein a part of protein is displaced toward one or other side of the membrane (Fig. 3b ). This conjecture is strongly supported by the fact that the closed states have different conductance for different signs of the applied voltage (Fig. 3a) . Therefore, it is natural to expect that the geometry of the channel's outer surface which is in contact with the hydrophobic phase of the membrane is different for these states too (Fig. 3b) . The sensitivity of a conformational transition of a membrane protein to the changing pressure in the hydrocarbon area of the membrane can be rationalized in a model wherein the transition changes the shape of the protein molecule in a way that either relieves or increases the pressure. In the case of VDAC gating, one of the possibilities is that the protein surface that is in contact with the hydrocarbon area can be hourglass-shaped in a subset of the closed states at negative applied voltages but nearly cylindrical in the open state and the closed ones at the positive voltages. A crude estimate based on assuming a 0.1 nm difference in the outer radius of the channel (Fig. 3c) shows that substitution of PC for PE is expected to introduce a free energy contribution of about 5 kT per VDAC molecule or 3 kcal/mol.
1 The actual free energy change found from the shift in the conformational equilibrium in experiments with PE and PC (Rostovtseva et al. 2006) was in the range of 1 to 2 kT per VDAC molecule, so that its explanation within the framework of the present model would require even smaller deviations from the shape of a cylinder.
We also demonstrated that VDAC is much more sensitive to the presence of CL than gramicidin channels (Rostovtseva et al. 2006) . Interestingly, CL is found in high concentrations at the points of contact between the inner and outer mitochondrial membranes (Ardail et al. 1990; Simbeni et al. 1991) , and VDAC is believed to be localized in these contact sites (Beutner et al. 1996; Crompton 1999) . This suggests that CL affinity for VDAC might be physiologically relevant, namely that VDAC is more sensitive to the presence of CL than gramicidin channels because VDAC inserts into the CL-rich domains. Thus, specific lipid composition of the mitochondria outer membrane and/or of contact sites might influence MOM permeability by regulating VDAC gating.
VDAC regulation by tubulin
Mitochondria have long been known to localize within and move along the tubulin-microtubule network. In isolated mitochondria, respiration is characterized by an apparent K m for exogenous ADP that is about 10-fold lower than in permeabilized cells with oxidative metabolism (Appaix et al. 2003; Saks et al. 1995) . In other words, in permeabilized cells with oxidative metabolism ANT is less accessible to cytosolic ADP than in isolated mitochondria. Saks and coauthors (Appaix et al. 2003) have found that mild trypsin treatment of permeabilized cardiomyocytes and cardiac fibers resulted in a decrease in apparent K m for ADP, or an increase of MOM permeability up to the level of the high MOM permeability of isolated mitochondria. They also observed that this processes is accompanied by disintegration of the mitochondrial network, which otherwise is very structured in cardiac cells, and by rearrangement of the microtubule network (Appaix et al. 2003) . These observations suggested the existence of a protein factor(s) associated with the cytoskeleton, the so called "Factor-X" introduced by Saks and coauthors in mid-1990s, which controls MOM permeability in vivo (Saks et al. 1995) .
Recently we identified this cytoskeleton protein as dimeric tubulin . By direct measurements we showed that nanomolar concentrations of mammalian tubulin induce highly voltage-sensitive reversible closure of VDAC reconstituted into planar phospholipid membranes. Analysis of single channel fluctuations in the presence of tubulin showed that already at nanomolar concentrations of this cytosolic protein the channel closure occurs at very low potentials (as low as 10 mV) compared with VDAC gating in control. The tubulin-VDAC interaction requires the presence of negatively charged C-terminal tails of tubulin. Tubulin with the proteolytically removed C-terminus does not induce VDAC closure. We suggested a model of tubulin-VDAC interaction, in which the tubulin C-terminus penetrates into the channel lumen, interacting with VDAC with high specificity and blocking channel conductance (Fig. 4) . Experiments with isolated mitochondria strongly confirm these findings. The apparent K m for exogenous ADP increases ten times after addition of 1-10 µM of tubulin to isolated mitochondria from heart or brain . Thus, tubulin prevents ADP entry into mitochondria. Tubulin added to isolated mitochondria dramatically decreases the availability of ADP to ANT, restoring low permeability of MOM (high apparent K m for ADP) found in permeabilized cells. These results suggest a new general mechanism of 1 The estimate is based on the assumption that the outer radius r of the channel is about 1.5 nm and that the transition from cylindrical to the hypothetical concave shape at negative potentials can be represented by Δr≈0.1 nm (Fig. 3b,c) . Then the extra volume that becomes available for hydrocarbon chains upon this transition is ΔV=2πrhΔr, where h is the height of the protein surface exposed to the pressure of the hydrophobic region. The free energy change accompanying this transition is ΔF = ΔVΔP, where ΔP is the increase in the lateral pressure in the hydrocarbon area upon transition from PC to PE, which can be estimated as ΔP≈100 atm or 10 7 Pa (Bezrukov 2000; Gullingsrud and Schulten 2004) . Choosing h≈2 nm, we obtain ΔV≈ 2 nm 3 and ΔF≈3 kcal/mol. regulation of MOM permeability under normal and apoptotic conditions. The high-affinity binding of tubulin to isolated mitochondria was known long ago (Bernier-Valentin and Rousset 1982) . Recently, a specific association of VDAC with tubulin was shown by co-immunoprecipitation experiments ). Now we demonstrate the mechanism of VDAC regulation by tubulin in vitro by reconstituting the channel in planar lipid membranes in the presence of dimeric tubulin and relate it to the action of this protein in vivo. Thus we think we have identified a natural cytoplasmic VDAC regulator-the potent but evasive "Factor-X". By this type of control, tubulin may selectively regulate metabolic fluxes between mitochondria and the cytoplasm (Saks et al. 2006 (Saks et al. , 2007 . Our results not only reveal a novel mechanism of mitochondria respiration regulation, but also discover a new functional role for the cytoskeleton protein, dimeric tubulin.
Another long standing question was how could VDAC voltage gating observed in planar lipid bilayers at relatively high potentials (>30 mV) be relevant to the situation in vivo and in isolated mitochondria, where potential difference across MOM should be very low due to the presence of VDAC channels themselves? This potential is most likely the Donan potential stemming from the high concentration of charged polyions (like cytochrome c) in the intermembrane space. The direct measurement of MOM potential involves serious experimental problems. Indirectly, pH difference between the intermembrane space and the cytosol gave estimations of transmembrane potential varying from 15-20 mV (Cortese et al. 1992 ) to 43 mV (Porcelli et al. 2005) . However, the latter seems to be too high. A theoretical analysis of Donan potential across MOM estimated it as ∼12 mV (Lemeshko 2006) , which seems more realistic. As it follows from our findings, cytosolic concentrations of tubulin could tremendously increase VDAC sensitivity to voltage and induce significant VDAC closure at transmembrane potentials smaller than 10 mV.
Mechanisms of VDAC closure
There is a quite long list of known stimuli and compounds, physiologically relevant and synthetic, which stimulate VDAC transition from the open to closed states (Rostovtseva et al. 2005) . In the present review we focus on the physiologically relevant cytosolic compounds exclusively (Table 1) , but in order to get an insight into the mechanisms of VDAC closure, we outline the effects of multiple stimuli. The mechanism of VDAC gating under the applied voltage has been extensively studied by Colombini and coauthors (Colombini 1989; Doring and Colombini 1985; Zizi et al. 1995 Zizi et al. , 1998 . Analysis of the reaction voltage dependence gives an effective charge of about five elementary charges Lee et al. (1994 Lee et al. ( , 1996 In some cases this process is accompanied by the changes in another parameter of voltage gating, the effective gating charge n, characterizing the steepness of G/V dependence. The mechanism of VDAC closure induced by tubulin or oligonucleotide G3139 (Tan et al. 2007a, b) is rather different from the above; it is a permeation block, when oligonucleotide or the C-terminus tail of tubulin penetrates into the channel lumen and partially obstructs it. Both gating and tubulin-induced VDAC closure are voltage dependent, but the mechanisms are different, with the voltage dependence of tubulin block originating from the interaction of the negatively charged tubulin tail with the applied voltage. The third mechanism of VDAC closure is a decrease of the average closed state conductance, G min , at one or both polarities of applied voltage. This mechanism was found in the presence of non-lamellar lipids, PE or CL (Rostovtseva et al. 2006) , and actin (Xu et al. 2001) which, similarly to tubulin, is acidic protein but lacking C-terminal tail (Table 1 ). All three mechanisms describe a reversible VDAC closure. Finally, there is an irreversible VDAC closure, induced by König polyanion (Colombini et al. 1987) or tBid (Table 1) . Most likely the latter is related to the first mechanism of voltage-induced gating. Polyanion traps channel in the closed conformation by interacting with the positive charges of the voltage-sensor domain, which are exposed on the membrane surface upon gating (Fig. 1) . In addition to the regulation issues briefly reviewed above, understanding mechanisms of the newly discovered tubulin interaction with VDAC is important for identification of potential targets for VDAC and, correspondingly, for mitochondria binding. According to our findings tubulin acts on the open channel state and interacts with binding sites inside the channel lumen. In this process both electrostatics and specific binding play roles, so that the strength of interactions and degree of channel closure should depend on the charge as well as on the length of the tubulin tail.
Conclusions
How could VDAC closure promote the apoptotic signals? Certainly, the answer will be found in future research. Meanwhile, there are only tentative models available. One of the models proposes participation of VDAC in growth factors and Akt-mediated antiapoptotic action (Robey and Hay 2006) . Akt regulates hexokinase attachment to mitochondria and this association may prevent the cytochrome c release. It is presumed that hexokinase directly binds to mitochondria through VDAC and, according to the model proposed by Majewski and coauthors (Majewski et al. 2004) , supports VDAC open state. Importantly, depending on the state of VDAC, open or closed, hexokinase could be either attached to or detached from VDAC, and consequently could modulate anti-or pro-apoptotic signals (see review Robey and Hay 2006) . Tubulin, as a newly discovered and potentially active player, adds another level of complexity to the VDAC regulation of mitochondrial signals, suggesting a possible competition between tubulin and hexokinase for VDAC binding. Interestingly, a well-known anti-tumor drug, paclitaxel, which inhibits the dynamics of microtubules and subsequently induces apoptosis, was found to induce cytochrome c release from mitochondria in intact human neuroblastoma cells and isolated mitochondria . It is likely, however, that paclitaxel and other microtubule-active anti-tumor drugs might modify interactions of microtubules and/or tubulin with VDAC and thus deliver a signal for mitochondria permeabilization and apoptosis induction (Esteve et al. 2007 ).
